A four-component reaction kinetics for the densities of mobile and non-excess sessile dislocations and of mobile and immobile disclinations is proposed to describe the microstructure development under plastic deformation up to large strains. The densities of non-excess sessile dislocations and of immobile disclinations are connected to ow stress contributions. For the dislocation contribution, a Taylor formula corresponding to Mughrabi's composite model is used. For the disclinations, two contributions coupled to the cell block size and to the misorientation, respectively, are proposed. To calculate them from the immobile disclination density, the dislocation rotation boundary network is treated as a Poisson-Voronoi mosaic.
Introduction
Technical metal forming processes as, for instance, at rolling, deep drawing, or wire drawing, are characterized by extreme conditions of loading, e.g. by large strains and strain rates, and by multiaxial stress states. Most of the models that have been developed for plastic deformation up to large strains are phenomenological ones. Modern forming technologies aim not only at achieving certain product shapes but also complicated material properties that are coupled to microstructural parameters. Therefore, models based on microstructural considerations are desirable. Strongly deformed metals are characterized by microstructures and substructures resulting from rotational modes of plastic deformation operating on the structural (micrometer scale) as well as on the substructural (sub-micrometer scale) levels 1, 2, 3]. Disclinations as a second species of deformation carrying defects | especially adapted to rotational modes and to the mesoscopic and structural levels { in contrast to dislocations especially adapted to translatational modes and to the microscopic level | have proved to be a powerful tool to describe the development of such structures 2, 4] .
Disclinations are the rotational twin-sisters of the translatational dislocations and can be illustrated similarly to them with the help of a Volterra process: A uniform and isotropic elastic hollow cylinder is cut, the two shores of the cut are rotated (disclinations) instead of translated (dislocations) relative to each other, and the missing or surplus matter is lled in or taken away, respectively (see gure 1). This process can be characterized by a Frank vector for disclinations corresponding to the Burgers vector for dislocations. A Frank vector parallel to the disclination line characterizes the insertion or the removal, respectively, of a wedge of matter, which can be translated into the insertion of a terminated edge dislocation wall consisting of excess dislocations of the one or the other sign of the Burgers vector, respectively (cf. gure 3) 5, 4]. (Figure 1 .)
The aims of the present work are to schematize the essential microstructural features of deformed f.c.c. single crystals in terms of global average densities of dislocations and disclinations, to model the microstructure development (up to large strains) for quasistatic deformation of multislip-oriented copper single crystals at room temperature, and to connect the above mentioned defect densities to ow stress contributions.
Following works by Rybin and coworkers on single as well as polycrystals 2], we distinguish between dislocation structures without and with signi cant misorientations. The former (non-misoriented cells, see gure 2, assumed to be formed by interacting dislocations from di erent slip systems right from the beginning) are described in terms of a global average density of non-excess sessile dislocations 1 , the latter (cell blocks 6, 7] or fragments 2], misorientation bands, each containing several cells, see gure 2) are described in terms of global average densities of mobile and immobile disclinations covering the excess sessile dislocations.
(Figure 2.)
Disclinations are considered in ve types of con gurations (see gure 3): Mobile partial disclination dipoles (PDD's) at the top of arising misorientation bands consisting of two semi-in nite dislocation rotation boundaries (DRB's), mobile PDD's propagating on parallel dislocation walls or DRB's, thereby generating or enlarging misorientation, mobile PDD's corresponding to both-side terminated DRB's, and mobile PDD's corresponding to DRB segments with misorientations di erent from that of the remaining boundary. The noncompensated (that means attached with residual stresses) triple nodes of the misorientation boundaries are interpreted as immobile disclinations 11]. 
Reaction kinetics
To describe the defect structure development with increasing time or strain, evolution equations for the densities of dislocations and disclinations are put up. In contrast to the models by Romanov 12] 
where d v denotes the mean forest dislocation distance and I takes into account that most of the crossing events are cutting processes of the Orowan type which leave the populations unchanged. The coe cient I can either be estimated from slip line measurements without assuming a special arrangement of the forest dislocations or be calculated e.g. for a cell structure of the dislocation forest. For the rst case, Zaiser gives a value of I = 0:01 17]. Using Holt's rule and a principle of similitude for the cell structure, Pantleon nds I = 4 P f geom 16 0:37 (6) for copper 18], where P 1=3 is the probability of a passing dislocation being trapped into a cell wall, f geom 2 a geometric factor, 0:45 the volume fraction of cell walls, and d the mean cell diameter.
Following a model by Romanov and Vladimirov 19] , a partial disclination dipole propagating on the top of an arising misorientation band is able to crack a dislocation ensemble and to incorporate dislocations of opposite sign into its backward DRB's. Similarly, a PDD representing a both-side terminated excess dislocation wall is able to capture additional excess dislocations 20] . Assuming a coordinate system according to gure 4 and using the stress eld of a two-axis PDD 5, 4] 
G denotes the shear modulus, the Poisson ratio, and ! the mean disclination strength. It is important to assume a homogeneous distribution of mobile dislocations because the reaction term does not depend on the disclination dipole dynamics then.
Furthermore, mobile dislocations may condense into both-side terminated DRB's, thereby generating PDD's of the third or fourth type shown in gure 1. This may happen by regrouping of a pile-up at an obstacle into a both-side terminated DRB by vacancy-assisted climb (thermal process) 15], or by stopping of mobile dislocations with the same sign of the Burgers vector on parallel slip planes at planar obstacles, e.g. by trapping of mobile dislocations into present DRB's (athermal process) 21]. This generates DRB segments with a misorientation di erent from that of the remaining boundary. In both cases, an upper limit for the reaction coe cient is determined by the mean cell block diameter, d, through d m v dt
For the generation of mobile disclinations, a multiplicative term proportional to the disclination current and the present mobile dislocation density is assumed (F 0 -term, 12, 13] 
With the help of this force the xed PDD either attracts the mobile one and fastens it in the present DRB (opposite signs of the Frank vectors, see gure 5) or the xed PDD repels the mobile one and stops it in front of the present DRB (correspondent signs of the Frank vectors). In both cases the mean free path of mobile disclinations is determined by the mean cell block diameter which can be derived from the sessile disclination density by considering the DRB network as a To a rst approximation, the disclination dipole velocity, V d , is assumed to be proportional to the mean dislocation velocity, v. Then, Orowan's law, _ = b v m =M, allows one to transform the equations (1) to (4) from the evolution parameter t to . The reaction mechanisms can be proved to work with the help of computer simulations. The simulations are based on the numerical integration of the equations of motion of dislocation and disclination segments in a two-dimensional simulation box. The driving forces are PeachKoehler forces. Dynamic friction forces proportional to the segment velocity are taken into account as well as static friction (critical resistance). For the integration a predictor-corrector algorithm proposed by Gear is used. To avoid unphysical oscillations, the time step width is dynamically adapted to the forces so that a defect segment cannot move further than a lattice constant in one time step.
3 Steady states and their stability The (quasi-)stationary values for the dislocation densities imply a saturation of the dislocation ow stress contribution. This contribution alone would result in a steady state plastic ow until in nity. The monotonously increasing "slow variable" i implies a monotonously increasing disclination ow stress contribution. Furthermore, it controls the stability behaviour of the other three populations. The collapse of the (quasi-)stationary states at a critical density of immobile disclinations (that means at a critical density of noncompensated DRB nodes or at a critical average cell block size) might correspond to a plastic instability or to the onset of fracture. Unfortunately, very little is known about the coe cient Q, so that we are not able to estimate these critical values up to now.
Coupling to the mechanical behaviour
In order to predict some features of the mechanical behaviour from this model, the densities of work hardening defects, f and i , have to be coupled to characteristic quantities of deformation experiments, e.g. to ow stress contributions. The density of non-excess sessile dislocations arranged in a cell structure is connected to a ow stress contribution by a Taylor formula according to Mughrabi , nearly independent of strain.
Finally, the ow stress contribution resulting from the mean strength of the immobile disclinations is estimated. First, the density of excess dislocations, exc , is extracted from equation (1) : (16) Assuming that the noncompensated nodes arise by mobile disclination dipoles being stopped in existing DRB's and neglecting any redistribution of dislocations around these new nodes, the mean strength of the resulting sessile disclinations, !, can be approximated as '. 
allows one to estimate the corresponding ow stress contribution.
5 Results Figure 6 shows the development of the mean cell block misorientation with strain calculated according to the formulas (1)- (4) and (16) . The coe cients A; I; E and J 0 have been evaluated according to section 2, D; R and F 0 have been calculated with the help of prescriptions from the literature 22, 16], K has been taken as a free parameter under the restrictions given above. Its value has been chosen by adapting the calculated sum of the three ow stress contributions to an experimental ow curve (see below). The material parameters have been chosen for copper at room temperature. For lack of suitable experimental data on mean misorientations and because our model isn't able to predict misorientation distributions up to now, we have preferred to choose the value of the free parameter K by adapting the sum of the three ow stress contributions to an experimental ow curve. Figure 7 shows the three ow stress contributions calculated according to the formulas (1)- (4), (13), (15), and (17), and the sum of them as well as a ow curve recorded from quasistatic compression tests on coarse-grained polycrystalline copper without signi cant texture at room temperature 31]. Figure 8 shows the corresponding Kocks-Mecking plot.
( One may conclude that the presented model is able to predict ow curves of reasonable shape and within the right order of magnitude of ow stress. In contrast to most of the dislocation models, it shows no saturation of the ow stress at large strains but reproduces stage IV behaviour evolving from stage III. This results from the monotonously increasing density of immobile disclinations. In the presented model the transition from stage III to stage IV behaviour is due to rotational modes getting the predominant mechanism of deformation, due to cell block and misorientation hardening getting the predominant mechanism of workhardening, due to the transition from dislocation to disclination deformation and workhardening.
Conclusions
A four-component reaction kinetics for the densities of mobile and non-excess sessile dislocations and of immobile and mobile disclinations has been presented. It is able to describe the transition from a dislocation-dominated to a disclination-controlled kinetics, that means from mainly translatational to mainly rotational plastic deformation, with increasing time or strain. Finally, it runs into a stable stationary state which collapses at a critical density of noncompensated dislocation rotation boundary nodes.
The density of non-excess sessile dislocations is coupled to a ow stress contribution by a Taylor formula according to Mughrabi's composite model. The density of immobile disclinations is coupled to two ow stress contributions by treating the misorientation boundary network as a Poisson-Voronoi mosaic. The rst of these contributions is a geometric one connected to the mean cell block diameter. The second one is a dynamic one connected to the mean misorientation and thus to the mean disclination strength at the misorientation boundary nodes.
The resulting mean misorientations and ow curves are in qualitative agreement with experimental results. Especially, no saturation of ow stress is observed at large strains. In a Kocks-Mecking plot, stage III and stage IV behaviour of plastic deformation can clearly be distinguished. 
